Subendocardial viability ratio (SEVR), calculated through pulse wave analysis, is an index of myocardial oxygen supply and demand. Our aim was to evaluate the relationship between coronary flow reserve (CFR) and SEVR in 36 consecutive untreated hypertensives (aged 57.9 years, 12 males, all Caucasian) with indications of myocardial ischaemia and normal coronary arteries in coronary angiography. CFR was calculated by a 0.014-inch Doppler guidewire (Flowire, Volcano, San Diego, CA, USA) in response to bolus intracoronary administration of adenosine (30-60 lg). SEVR was calculated by radial applanation tonometry, while diastolic function was evaluated by means of transmitral flow and tissue Doppler imaging. Hypertensive patients with low CFR (n ¼ 24) compared with those with normal CFR (n ¼ 12) exhibited significantly decreased SEVR by 24.5% (P ¼ 0.002). In hypertensives with low CFR, CFR was correlated with SEVR (r ¼ 0.651, P ¼ 0.001). After applying multivariate linear regression analysis, age, left ventricular mass index, Em/Am, 24-h diastolic blood pressure (BP) and SEVR turned out to be the only independent predictors of CFR (adjusted R 2 ¼ 0.718). Estimation of SEVR by using applanation tonometry may provide a reliable tool for the assessment of coronary microcirculation in essential hypertensives with indications of myocardial ischaemia and normal coronary arteries.
Introduction
Coronary flow reserve (CFR) is the magnitude of the increase in coronary flow that can be achieved in going from basal coronary perfusion to maximal coronary vasodilatation and is often used to express coronary microvascular function. 1 Abnormal CFR is often present in patients with essential hypertension despite the presence of angiographically normal coronary arteries and even in the absence of left ventricular (LV) hypertrophy. 2, 3 Direct measurement of intracoronary flow velocity by using a Doppler guidewire constitutes the most reliable, though invasive, method for the evaluation of CFR. 4 Interest in the non-invasive assessment of cardiovascular function has increased over recent times. Pulse wave analysis using applanation tonometry has emerged as a novel technique for assessing central hemodynamics in different clinical settings including hypertension. 5 The subendocardial viability ratio (SEVR), also known as Buckberg index, is an index of myocardial oxygen supply and demand calculated through pulse wave analysis. 5, 6 We hypothesized that a relationship exists between CFR and SEVR in untreated essential hypertensives.
Materials and methods

Study population
The study population consisted of 36 consecutive untreated essential hypertensives (aged 57.9 years, 12 males, all Caucasian) from our outpatient hypertension unit who underwent diagnostic coronary angiography due to positive for ischaemia treadmill exercise test confirmed with either thallium scintigraphy or dobutamine stress echocardiography and had no significant (o30%) stenoses in coronary arteries.
Exclusion criteria included the presence of moderate to severe valvular heart disease, fasting glucose 4125 mg dl À1 , familial dyslipidemia, augmented serum creatinine concentration (X1.3 mg dl À1 for women and X1.5 mg dl À1 for men), contraindication for adenosine (previous chronic obstructive pulmonary disease, use of xanthine, bradyarrhythmia) or femoral access catheterization, iodate contrast allergy and any other clinically significant systemic disease. We also excluded subjects with left or right bundle brunch block, pre-excitation syndromes, pacing rhythm and atrial fibrillation. The study protocol that included full echocardiographic examination, arterial tonometry and cardiac catheterization complies with the Declaration of Helsinki and was approved by our institutional ethics committee. All participants gave written informed consent after a detailed description of the procedure.
Office and ambulatory blood pressure measurement Blood pressure (BP) measurement was performed at three different visits in our outpatient clinic by one physician, using a mercury sphygmomanometer with the patient in the sitting position resting for at least 5 min according to current guidelines. 7 Ambulatory BP was recorded over a working day (Monday through Friday) using the automatic Spacelabs units 90207 (Redmond, WA, USA). 8 
Cardiac ultrasonography
Standard transthoracic echocardiographic examination was carried out by the same expert in a dimly lit room using a Vivid 3 PRO ultrasound imager (General Electric, Milwaukee, WI, USA) equipped with a 2.5-5 MHz (harmonics) phased-array transducer, according to current recommendations. 9 LV mass was calculated with the method of Devereux et al. and normalized for body surface area to obtain LV mass index. 10 LV diastolic function was determined using both conventional Doppler parameters (peak velocities of E and A waves of the transmitral flow, E/A ratio, isovolumic relaxation time and the deceleration time of the E wave) and Tissue Doppler Imagingderived indices (peak early diastolic velocity (Em), peak atrial systolic velocity (Am)), averaging the mean values obtained from measurements at the basal site of lateral, septal, anterior and inferior walls in five consecutive cardiac cycles, as previously described.
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Arterial tonometry All patients were studied in the early morning at the day of catheterization at the catheterization lab, with patients in the fasting state for 412 h. Radial artery pressure waveforms were recorded using applanation tonometry (SphygmoCor; AtCor Medical, Sydney, Australia). A high-fidelity micromanometer placed on the tip of a pencil-type hand-held tonometer (Millar Instruments, Houston, TX, USA) was applied to the surface of the skin overlying the radial artery with gentle pressure so as not to occlude the artery. Waveforms of radial pressure were calibrated according to sphygmomanometric systolic and diastolic pressure measured in the brachial artery because there is practically negligible pressure pulse amplification between the brachial and the radial artery. 12 Central aortic pressure was derived with the use of a generalized transfer function that has been shown to give an accurate estimate of the central arterial pressure waveform and its characteristics. 13 Pulse wave analysis permits the non-invasive measurement of augmentation index adjusted to a heart rate of 75 beats per minute (Aix at 75) and SEVR. In brief, the outgoing systolic pulse wave is reflected in the peripheral arteries back towards the heart and adds to ('augments') the central aortic pressure in late systole. 12, 13 The amount by which the aortic pressure is increased by this phenomenon is the 'augmentation pressure'. AIx is this aortic augmentation pressure expressed as a percentage of the aortic 'pulse pressure'. 12, 13 As AIx varies with heart rate, it is commonly adjusted to a standard heart rate of 75 beats per minute.
Calculation of the SEVR
The 'area under the curve' of the systolic and diastolic portions of the central aortic pulse wave can be measured using pulse wave analysis. 5 According to its classic definition, SEVR is a pressure-time integral ratio derived from pressures measured in the aorta and LV. 6, 14 The numerator of the ratio, the diastolic pressure-time integral, is the area between the aortic and LV pressures in diastole and the denominator, the systolic pressure-time integral, is the area under the LV pressure curve in systole. The diastolic pressure-time integral (in mm Hg Â s) takes into account both coronary driving pressure and diastolic time and, thus, indicates potential subendocardial blood supply. 5, 6, 14 The systolic pressure time integral (in mm Hg Â s) indicates myocardial contraction ('demand for oxygen'). In normal coronary arteries, subendocardial ischaemia occurs when SEVR falls below 50%.
14 In the present study, the tonometric SEVR was as provided by the manufacturer; specifically, it was approximated automatically using the following equation: Tonometric SEVR ¼ diastolic aortic area/systolic aortic area. 5 
Quality of control
The BP and tonometric measurements were made by one trained observer (DT). For each subject, a total of three consecutive waveform recordings were obtained that were separated by a 3-min interval. The SphygmoCor device provides a quality index, which represents reproducibility of the waveform. Visually acceptable recordings of a peripheral pulsewaveform were only accepted if PWA measures had a quality index 480. The result was the mean of the three readings for each parameter. The intraobserver coefficient of variation for this method in 36 subjects was 3.2% for AIx at 75 and 4.3% for SEVR.
Coronary flow velocity measurements
Diagnostic coronary angiography was performed with a standard femoral percutaneous approach by using a non-ionic contrast material. Once the diagnostic coronary angiography was completed, a 6-Fr Judkins guiding catheter without side holes was inserted into the left coronary artery ostium without damping of the aortic pressure signal. All patients received 5000 international units heparin and 0.2 mg intracoronary nitroglycerine. A 0.014-inch Doppler guidewire (FloWire, Volcano, San Diego, CA, USA) was advanced into the proximal part of left anterior descending artery. ECG, coronary ostial pressure, instantaneous spectral peak velocity and time-averaged spectral peak flow velocity (APV) were continuously and simultaneously recorded online. For offline analysis, angiography and Doppler measurements were recorded on compact disk and videotape, respectively. Baseline parameters were recorded when a stable and high-quality baseline signal without significant artifacts could be obtained. Then an intracoronary bolus of adenosine was administered into the left coronary artery and further measurements were obtained under peak hyperaemic conditions. In order to ensure maximal hyperemia, serial incremental adenosine doses were administered (30-60 mg: solution of 6 mg adenosine in 1 l of saline) until a plateau was achieved. APV returned to baseline values before each bolus incremental dose. CFR was calculated as the ratio of hyperaemic to baseline APV (3). All measurements were performed twice, and mean values were calculated from two consecutive measurements.
Statistical analysis
Based on a CFR cutoff value of 2.5, hypertensives were classified into those with normal (n ¼ 12) and low (n ¼ 24) CFR. 15, 16 Continuous variables were expressed as mean ± s.d. Differences between hypertensives with normal and low CFR were evaluated using the independent-sample Student's t-test for continuous variables and the w 2 -test for categorical variables. Pearson's correlations were calculated to examine univariate relations of clinical, echocardiographic and pulse wave analysis parameters to CFR. Stepwise multiple linear regression analysis was used to test the independent relation of several variables to CFR.
Results
Hypertensive patients with low CFR compared with those with normal CFR did not differ with respect to age, sex, body mass index, waist circumference, 24-h BP values, metabolic profile and serum creatinine levels (P ¼ NS for all cases) ( Table 1) .
As far as echocardiographic parameters are concerned, hypertensives with low CFR compared with those with normal CFR had increased LV mass index by 17.7 g m À2 (P ¼ 0.012) and left atrial volume index by 1.3 ml m À2 (P ¼ 0.04), while there was no difference in relative wall thickness (Table 2) . Moreover, hypertensives with low CFR compared with those with normal CFR were characterized by significantly decreased transmitral E/A ratio (by 0.34, P ¼ 0.001), as well as Tissue Doppler Imaging-derived Em and Em/Am ratio (by 1.7 cm s À1 , P ¼ 0.030 and by 0.26, P ¼ 0.008, respectively) ( Table 2 ). In addition, hypertensive patients with impaired CFR compared with those without exhibited significantly decreased SEVR by 24.5% (P ¼ 0.002) while no Coronary flow reserve and Buckberg index D Tsiachris et al difference occurred regarding AIx at 75. With respect to hemodynamic measurements, subjects with low CFR compared with those with normal CFR exhibited significantly increased baseline APV as well as baseline and peak (during hyperemia) aortic systolic BP, pulse pressure and heart rate ( Table 3) . In the population with low CFR values, CFR was negatively correlated with baseline APV (r ¼ À0.489, P ¼ 0.015) and 24-h pulse pressure (À0.475, P ¼ 0.019), and positively with SEVR (r ¼ 0.651, P ¼ 0.001) and 24-h diastolic BP (0.685, Po0.001) (Table 1, Figure 1 ). After applying multivariate linear regression analysis, age, (beta ¼ 0.430, P ¼ 0.016), LV mass index (beta ¼ À0.885, Po0.001), Em/Am (beta ¼ À0.637, P ¼ 0.015), 24-h diastolic BP (beta ¼ 1.256, Po0.001) and SEVR (beta ¼ 1.405, Po0.001) turned out to be the only independent predictors of CFR (adjusted R 2 ¼ 0.718) ( Table 4) .
Discussion
The present study demonstrated that SEVR, measured by means of applanation tonometry, is independently associated with CFR assessed during cardiac catheterization. Hypertensive patients with impaired CFR and 'normal' coronary arteries are characterized by decreased SEVR values, providing a non-invasive diagnostic tool of microcirculation. The above association is present regardless of any structural and functional LV adaptations.
To the best of our knowledge, it is the first time that the tonometric SEVR was related with coronary microcirculation, as it is expressed by means of CFR. Over recent times, pulse wave analysis, by using applanation tonometry, has gained interest in clinical practice for assessing central aortic pressures and waveforms based on advanced computer technology. 
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Although validity of the SEVR as a measure of subendocardial viability has risen concerns in the past, it is recognized that systolic and diastolic central aortic pressure as well as diastolic and systolic pressure time intervals can be reproducibly measured by different observers on repeated occasions by means of PWA in different clinical settings. [17] [18] [19] [20] Therefore, peripheral applanation tonometry-based measurement of SEVR should be considered a sensitive, reproducible and validated measure of the balance between the supply and demand for myocardial oxygen and of the adequacy of subendocardial perfusion. 5, [18] [19] [20] [21] Currently, no technique allows the direct in vivo visualization of coronary microcirculation in humans. 2 CFR is often used to express coronary microvascular function and intracoronary Doppler wire provides a reliable measurement of the quantification of blood flow. 4 Several factors are involved in reducing CFR in hypertensive patients, such as higher BP per se, increased LV mass and endsystolic stress, or a reduction in the overall maximal cross-sectional area of the microcirculatory bed due to increased coronary arteriolar tone, endothelial dysfunction, inadequate angiogenesis or extravascular compression. 2, 3, [22] [23] [24] In the present study, lower values of CFR in hypertensive patients were accompanied by greater LV mass, lower transmitral E/A and myocardial Em/Am ratio, as well as reduced SEVR. Moreover, SEVR and myocardial Em/Am ratio, along with LV mass index, were associated with CFR independently from other clinical and echocardiographic variables. Our findings are in line with most previous studies in the setting of essential hypertension that have exhibited an association between CFR and LV mass and geometry, as well as with myocardial diastolic function. [25] [26] [27] [28] [29] From a pathophysiological point of view, it is conceivable that changes during diastole interact with CFR impairment. In particular, diastolic time fraction is a determinant of both SEVR and coronary flow increase when the autoregulatory mechanism is exhausted because larger fractional diastolic time occurs at lower perfusion pressure, in the presence as well as in the absence of coronary stenosis. 6, 14, [30] [31] [32] [33] Alternatively, impaired CFR may provoke diastolic dysfunction as it has been shown that delayed myocardial relaxation associated with less early diastolic filling due to ischaemia occurs early in the setting of reduced CFR before evidence of wall motion abnormalities. 26 The current study is cross-sectional; therefore, causation cannot be determined for any of the observed relationships. Our study population is small and consists of middle-aged subjects with untreated essential hypertension limiting the ability to generalize the findings to younger or older patients or other clinical settings. Despite the small study population, post hoc power analysis revealed that the examined sample size provided adequate power for correlation analysis (78%). The lack of a control group also constitutes a limitation of our study. Finally, the calculation of the tonometric SEVR was as provided by the manufacturer and did not include a non-invasive estimate of LV enddiastolic pressure as it is required in patients known or suspected to exhibit elevated LV filling pressure. 30, 31 However, none of the studied patients exhibited E/Em values 415, which constitutes a consistent index of increased LV filling pressures.
In summary, estimation of SEVR by using applanation tonometry provides a reliable tool for the assessment of coronary microcirculation in essential hypertensive subjects with indications of myocardial ischaemia and 'normal' coronary arteries. Moreover, the associations between CFR, myocardial diastolic velocities and SEVR indicate the presence of a common pathophysiological link. Low values of SEVR in hypertensives with positive for ischaemia exercise test and no significant stenoses in coronary angiography may potentially indicate the presence of impaired microcirculation and even justify What is known about topic K Abnormal coronary flow reserve is often present in patients with essential hypertension despite the presence of angiographically normal coronary arteries and even in the absence of left ventricular hypertrophy. K Direct measurement of intracoronary flow velocity by using a Doppler guidewire constitutes the most reliable though invasive method for the evaluation of coronary flow reserve. K The subendocardial viability ratio is an index of myocardial oxygen supply and demand calculated through pulse wave analysis.
What this study adds K Hypertensive patients with lower values of coronary flow reserve compared with those with normal values exhibited significantly decreased subendocardial viability ratio. K Subendocardial viability ratio constitutes an independent predictor of coronary flow reserve. K Estimation of subendocardial viability ratio by using applanation tonometry may provide a reliable tool for the assessment of coronary microcirculation in essential hypertensives with indications of myocardial ischemia and normal coronary arteries.
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